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Abstract

Anindityo Nugra Arifiadi
Department of Materials Science and Engineering
The Graduate School

Seoul National University

CoFe204—BiFeOs; (CFO—-BFO) nanocomposites of three
different molar ratios (CFO:BFO = 2:2, 1.5:2, and 1:2) were
synthesized by a combination hydrothermal/citric acid sol—gel
method. This methodology allowed us to synthesize high—purity
crystalline nanocomposites at a lower calcination temperature of

450°C. Transmission electron microscopy (TEM) images revealed

that the CFO and BFO nanocrystals are inter —embedded in each other.

Room—temperature magnetic characterizations showed that the
sintered sample of the 2:2 ratio had a high magnetization value of
40.5 emu/g at 20 kOe. The magnetization and coercivity values
indicated that the presence of dipolar interaction between CFO and
BFO. The electric—polarization change (4P) was estimated to be
~295 nC/m? at a magnetic—field strength of ~30 kOe at room

temperature, although the polarization—electric field (P—E) loop
i



measurements indicated that all of the samples manifested leaky
behavior. The results presented herein offer a means of reliable
magnetic—field control of electric polarization in high—purity

multiferroic CFO—BFO nanocomposites.

Keywords : hydrothermal, citrate sol—gel, nanoparticle, composite,
multiferroic, electric polarization

Student Number : 2019—-26085
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Chapter 1. Introduction

Chapter 1 presents the introduction to this thesis in two
sections. The first section explains the motivation and background of
this research and the second section presents the organization of this

thesis.
1.1. Motivation and Background

Multiferroic materials have been the focus of many studies due
to their promising applications in spintronic devices [1—3], catalysis
[4, 5], and biomedicine [6, 7]. In this regard, BiFeO3 (BFO) with its
room—temperature antiferromagnetic ( 7y ~ 643 K) and ferroelectric
(7c ~ 1,103 K) orderings has been considered to be the most
promising multiferroic material [8, 9]. At the unit—cell level, BFO has
a G—type antiferromagnetic ordering along its [111]. or [001]y axis
in the distorted rhombohedral (R3c) structure, which distortion
results in non—zero magnetization at this level. Superimposed on this
atomic—scale ordering, BFO has a cycloidal spin configuration with a
periodicity of 62 nm along its [110], axis [10—12]. Concerning the
ferroelectric ordering, one of its origins is the distortion from an ideal
perovskite structure, resulting in antiferrodistortion (AFD), which

causes rotation of the oxygen octahedra surrounding Fe®' ions,
1



displacing both them and the O? ions from their original positions

[13, 14].

Practical applications of the magnetoelectric effect in BFO,
however, have been limited due to BFO’ s weak response to
magnetic fields [15]. Thus, several strategies to enhance the
magnetic response of BFO have been employed: breaking its
cycloidal spin structure through size reduction below 62 nm [16, 17],
introducing a dopant(s) [18—20], and/or incorporating spinel ferrites
to form nanocomposites [21, 22]. Among those methods, the
incorporation of spinel ferrites results in the highest enhancement of
ferromagnetic behavior. Earlier studies of CoFe2O4—BiFeO3; (CFO—
BFO) nanocomposites have shown the existence of magnetoelectric
coupling arising from a strain transfer from magnetostrictive CFO to
piezoelectric BFO in samples prepared using either the sol—gel

[22—24] or dip—coating method [25].

In quantifying the magnetoelectric coupling phenomenon,
previous reports have utilized different property measurements,
including changes in magnetoelectric coupling coefficient, dielectric
property, or electrical polarization. The latest method - 1i.e.,

measuring changes in electrical polarization upon the application of

;ﬁ'! X

I:.'_'l'li -"_I.i —Il
T —'| 1] 'l'l



magnetic fields — allows for more in—depth measurements. However,
the results of previous research using this method were obtained
from Mn—doped BFO nanocomposites containing impurity phases and
included only limited details on the magnetoelectric coupling
measurements [23]. Therefore, as an effort to better quantify the
electrical polarization upon the application of magnetic fields, we
report herein a more comprehensive magnetoelectric property
measurement of high—purity CFO—BFO nanocomposites. The high—
purity nanocomposites were obtained by means of a modified version
of the sol—gel method. Furthermore, 1in addition to the
magnetoelectric property measurement, we also carried out

experimental measurements of the magnetic and electrical properties.

1.2. Organization of the Thesis

The thesis is organized as follows:

Chapter 2 provides a review of multiferroicity and
magnetoelectricity, properties of BFO and CFO, and the bottom—up

synthesis methods of nanocrystals.

Chapter 3 covers the nanocomposite synthesis and

characterization methods.
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Chapter 4 presents the results showing the multiferroic and
magnetoelectric property of CFO—BFO nanocomposites and their

corresponding discussions.

Chapter 5 concludes the thesis. The obtained results from the

three previous chapters are summarized in this chapter.



Chapter 2. Literature Review

Chapter 2 offers a brief review of the physical phenomena
being studied in this thesis (multiferroicity and magnetoelectricity),
the properties of BFO and CFO, and bottom—up synthesis methods of

nanocrystals.

2.1. Multiferroic and Magnetoelectric Materials

Magnetoelectric materials are a type of multiferroic materials
exhibiting a coupling of magnetic and electric properties. In this
subchapter, the two physical phenomena contributing to
multiferroicity — ferromagnetism and ferroelectricity - and

magnetoelectric coupling will be reviewed.
2.1.1. Ferro— and Ferrimagnetism

Magnetism in materials is a physical phenomenon arising from
electron orbiting a nucleus and spinning on its axis producing an
orbital and spin magnetic moment, respectively. When an external
magnetic field is applied to a material, this magnetic moment would
align with the external field, resulting in the magnetization of the
material. In many crystalline solids, however, the electrons’ orbit is

coupled rather strongly to the crystal lattice, thus when an external



magnetic field is applied, only the spins — which are loosely bounded
to the lattice — will follow the orientation of the applied field. The
result is that the material’'s magnetic moment arising only from

electron spins [26].

The electron spins of two atoms interact with each other
contributing to the total energy of the solid according to the

Heisenberg model,
Eoe = -2/, Si-S;=-2],.5:;cosb (IL.1)

where E,, is the exchange energy, J _ is the exchange integral, S;

ex
and §; are the spin angular momentum of electrons in atom 1 and j,
respectively, and 6 is the angle between the two spins. Depending
on the atomic characteristics, J, can have a positive or negative
value, when it is positive, the lowest E,, can be achieved when the
spins are parallel (cos@ =1) to each other, resulting in
ferromagnetism. Conversely, when J, is negative, the spins will
arrange antiparallel to each other and the material will exhibit
antiferromagnetism. J, 1s a function of temperature, the
temperature above which magnetic ordering is lost is called the
Currie (T;) temperature for ferro and ferromagnetic materials and
Neel (Ty) temperature for antiferromagnetic materials [26].
6
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In antiferromagnetic oxide materials, the spin interaction
occurs indirectly, due to the large distance between the metal ions,
through a phenomenon called superexchange facilitated by oxygen
ions illustrated in Figure 1. In this phenomenon, oxygen ions with
fully filled outer shells play an important role in determining the spin
direction of the metal ion. In a symmetric exchange, metal ion A with
an up spin will pair itself with the down spin of the oxygen ion. The
other electron in the oxygen shell must have an opposing spin — up
spin — and this up spin will force metal ion B to have a down spin.
This opposing spin of the two metal ions causes antiferromagnetism
in solids. On the other hand, in asymmetric superexchange, a slight
deviation exists due to the Dzyaloshinskii—Moriya interaction (DMI),
causing the spins to be not completely antiparallel to each other [26—

28].

When the two metal ions have a symmetric exchange
interaction, and a different magnetic moment, another type of
magnetism called ferrimagnetism arises. The moment imbalance
causes the system to have a net magnetic moment, thereby causing

a phenomenon similar to ferromagnetism [26].
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\1/
(b)

Figure 1. Illustration of (a) symmetric and (b) asymmetric

superexchange [26].
2.1.2. Ferroelectricity

Ferroelectricity is a term wused as an analog to
ferromagnetism, given to materials exhibiting spontaneous
polarization even in the absence of an electric field. Ferroelectricity
occurs only below a certain temperature called the Currie
temperature (T;) and it originates from the displacement of ions
composing non—centrosymmetric crystals illustrated in Figure 2(a).
The technological applications of ferroelectric materials arise from

the polarizability of these materials by applying an electric field [29].
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(a) BaTIO, tetragonal (b) BaTIO, crystal under stress
structure below 130 °C  along y

Figure 2. Illustration of (a)ferro— and (b)piezoelectricity in BaTiO3.

All ferroelectric materials also possess another property
called piezoelectricity — the formation of electric polarization due to
applied stress — yet not all piezoelectrics are ferroelectrics.
Piezoelectricity is illustrated in Figure 2, it is shown that when stress
is applied in y—direction, Ti'* atom (black) is displaced, O? atom
(white) is not. It is from this displacement that the polarization of the

crystal is changed by AP [29].
2.1.3. Magnetoelectric Coupling

Magnetoelectrics refers to a class of materials exhibiting a
coupling between their magnetic and electric properties. A single—
phase magnetoelectric material can either be a multiferroic or non—

multiferroic material as illustrated by the blue shades in Figure 3. In

ﬂ 1]| :Jr
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other words, magnetoelectric coupling can occur In materials
exhibiting ferromagnetism and ferroelectricity (red and blue region)
or in magnetically (electrically) polarizable materials not exhibiting
the  aforementioned  ferroic  behaviors —  paramagnetism
(paraelectricity). In magnetoelectric materials, when a magnetic
(electric) field is applied, electrical polarization (magnetization) will
be induced. When this magnetoelectric coupling occurs in multiferroic
materials, a novel memory device exploiting the benefits, while
avoiding the drawbacks, of ferroelectric random access memory

(FeRAM) and magnetic data storage may be created [30].

— Magnetically polarizable

== Ferromagnetic
Electrically polarizable

== Ferroelectric

N Multiferroic

7, Magnetoelectric

Figure 3. Classification of multiferroic and magnetoelectric

materials [30].

In addition to the single —phase materials previously explained,

the magnetoelectric coupling can also be observed in multiphase

materials. One strategy to engineer multiphase magnetoelectric
10
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multiferroic materials is to introduce an indirect coupling, via strain,
between the ferroelectric and ferromagnetic phases. The
magnetoelectric coupling will arise as a result of strain transfer

between magnetostrictive ferromagnetic and piezoelectric materials

[30, 31].
2.2. Two—phase System

In general, there are two kinds of structure in the two—phase
system — particle composite and thin—film heterostructures [30].
This section will present an overview of the former, a summary of
BiFeO3; (BFO) and CoFe204 (CFO) properties, and the methods of

synthesizing the aforementioned materials.
2.2.1. Nanocomposite and Core—Shell Heterostructure

Nanocomposite is a type of particle composite system where
one or both phases in the system are in the nanoscale regime. With
this reduced dimensionality, nanocomposites are expected to show
an enhanced magnetoelectric coupling due to the increased surface
area thus enhanced strain transfer [31, 32]. To enhance the coupling
even further, one can also engineer the nanocomposite structure into
a core—shell heterostructure with an even larger interfacial area,

facilitating the strain transfer [33, 34].
11



2.2.2. Properties of BiFeOs

BFO is a peculiar material due to its ferroelectric and
antiferromagnetic ordering at room temperature. This peculiarity
originates from the instability of the ideal perovskite structure of BFO.
Its structure transforms from the ideal perovskite structure (Figure
4(a)) to a rhombohedral distorted perovskite structure (Figure 5)
with a symmetry group of R3c [11]. Ferroelectricity in BFO
originates from the lone—pair mechanism, illustrated in Figure 5.
Unbounded valence electrons of Bi®* 6s orbital, not involved in sp
hybridization, create a local dipole resulting in a spontaneous
polarization of ~100uC cm™2? below the ferroelectric Curie
temperature of 1,103K [35—37]. One additional source of electrical
polarization is from antiferrodistortion (AFD); the rotation of the
oxygen octahedra surrounding Fe®* ions, displacing both O?” and Fe®*
ions [13, 14] shown in Figure 5. This rhombohedral distortion also
means that BFO crystal is non—centrosymmetric, thus enabling the
formation of a net polarization due to the shifting of the center of

mass when stress is applied i.e. piezoelectricity [29, 38].

12



Figure 4. Illustration of (a) superexchange in an ideal perovskite
structure and (b) the coexistence of spin cycloid (green arrows)

and magnetization wave (blue arrows) [11, 39].

Figure 5. Illustration of lone pair mechanism in BFO (Bi**: big grey,

0%": orange, Fe®": small grey) [36].

As for the antiferromagnetic ordering, it originates from the
magnetization wave, having an average magnetization of zero
throughout the spin cycloid (Figure 5(b)). The magnetization wave
is formed due to the fluctuation of spin canting (M, blue arrows)

depending on the orientation of the cycloidal antiferromagnetic vector
13
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(green arrows) with respect to the [111] axis illustrated in the inset
of Figure 5(b). These antiferromagnetic vectors arise from the
asymmetric exchange interaction (DMI), facilitated by oxygen ions.
The exchange energy per magnetic ion can be defined as the
summation of exchange energy with the six nearest neighbors in the
antiferromagnetic sub—lattice, expressed in (I.2) where Vp, is the
Dzyaloshinskii—Moriya exchange energy, D, is the Dzyaloshinskii
vector, sy and s, are the unit vector of the magnetic moments of Feq
and neighboring Fe,, respectively. For Fepion in Figure 4(a), the

exchange is facilitated by oxygen ions 1 to 6 [11].

N=6
VDM = %Z(Dn " [SO X Sn]) (112)

Dzyaloshinskii vector, D, is defined by the Keffer formula [40, 411,
Dn = VO [Tn_o X Tn_n], (11.3)

where V, is a constant, r,_, and r,_, are the position vector of
magnetic ions directed from the n™ oxygen ion to the nearest
magnetic ions (see Figure 4(a)). In an ideal perovskite structure, D,
are all zero and thus Vpy is zero. On the other hand, the distortion of
the perovskite structure of BFO results in a non—zero D,, and thus

DMI, forming antiferromagnetic vectors (green arrows, Figure 4(b)).

14



Finally, direct (converse) magnetoelectric coupling also
exists in BFO, allowing for magnetic (electric) field control of
electrical polarization (magnetization). Converse magnetoelectric
coupling arises from the contribution of AFD to the r,_o and r,_,,
used for the calculation of the Dzyaloshiinski vector in (II.3). An
applied electric field can alter the polarization of BFO crystal by
altering the AFD wvector, thus changing the Dzyaloshiinski and
antiferromagnetic vector. [11, 14] As for the converse
magnetoelectric coupling, an applied magnetic field can alter the spin
cycloid structure of BFO and thus change its electrical polarization
[15, 39]. The spin cycloid wave vector (q,) in BFO can be calculated
using (II.4) obtained from the volume—averaged f{ree—energy
density ((F)) expressed in (II.5), where A is the period of the cycloid,
y is the constant of inhomogenous magnetoelectric effect, P, is the
electric polarization along the z direction of BFO rhombohedra, 4 is

the exchange stiffness, and K. is the anisotropy constant [39].

2n yP,

_r (I1.4)
T =7 ~2a
K,
(F) = Aq® — (yP,)q — % (I1.5)
15



An applied magnetic field may change Kpf, at low fields, the change
is negligible and thus (F) does not change much. At high fields,
however, K.¢s can be significant compared to Ag? and therefore may
alter (F) and q. Changes in g can modify the electric polarization of
BFO averaged throughout the cycloid ({AP)) according to (I.6),

where k 1s the electric susceptibility of BFO.

2KAq®
Pz

(I11.3)

(AP) =

Since different magnetic field directions alter g in different ways,

(AP) varies depending on the direction of the applied field [15, 39].

2.2.3. Properties of CoFe204

CFO is a type of magnetic ferrites with a spinel structure. Its
oxygen ions are arranged in a face—centered cubic manner and its
metallic ions occupy the spaces between them. The available spaces
are divided into tetrahedral (A) sites and octahedral (B) sites shown
in Figure 6 (a) and (b), respectively. The position of A and B sites in
a spinel unit cell are illustrated in Figure 6(d), which is a part of a

spinel unit cell divided into eight octants shown in Figure 6(c).

16



(a) Tetrahedral A site

PY Metal ion in
tetrahedral site

Metai ion in
octahedral site

O Oxygen ion

0]

Figure 6. Crystal structure of a cubic ferrite [26].

In spinel ferrites, only one—eighth of the A sites and one—half of the
B sites are occupied. Furthermore, in the case of CFO, despite the
general chemical formula of AB20Oy4, not all A atoms are located in A
sites and not all B atoms are located in B sites, resulting in a structure
called the inverse spinel. Since the magnetic interaction within and
without A and B sites are different, the cation mixing determines the

magnetic property of spinel ferrites [26].

One important property of CFO utilized for magnetoelectric
nanocomposite is its magnetostriction; the deformation of materials
upon the application of a magnetic field. The origin of this deformation
is spin—orbit coupling, causing a non-—spherical distribution of

electron cloud, illustrated in Figure 7. Depending on the magnetic

17
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ordering and applied field, the materials will have different
dimensions. For CFO in polycrystalline form, its magnetostriction

constant 4, is =110 X 10, the highest among spinel ferrites [26].

Spontaneous
magnetostriction

L

Below T <

|
AL—
\ Field-induced
L H magnetostriction

Figure 7. Illustration of magnetostriction [26].
2.2.4. Nanocrystals Synthesis

To synthesize an agglomerate or a core—shell nanocomposite,
one needs to be able to synthesize nanocrystals of its constituent.
This chapter will review the bottom—up approach of nanocrystals
synthesis. The general principle of this approach is the nucleation of
nanocrystals from its precursor and growth of nanocrystals. There
are several methods to carry out this nucleation and growth process,
each having different shape and size controllability. Figure 8 shows

the TEM images of nanoparticles synthesized using the

18



organometallic thermal decomposition [42], solvothermal [43],

hydrothermal [44], and sol—gel method [17].

Figure 8. TEM images of (a) CoFe204, (b) BaTiO3, and (¢)—(d)
BiFeOs nanoparticles synthesized using the (a) organometallic
thermal decomposition, (b) solvothermal, (¢) hydrothermal, and (d)

sol—gel method [17, 42—44].

The organometallic thermal decomposition method offers the
best precision for monodispersity and size control of nanocrystals,
due to the separation of nucleation and growth process. Nanocrystals
are nucleated homogeneously by heating up a solution of organic

solvent, organometallic precursor, and surfactant in a controlled

19



manner, allowing for a quick increase of monomer concentration thus
burst nucleation. Monodispersity obtained from this uniform
nucleation is maintained by the presence of surfactant, prohibiting
nanocrystal coalescence. Particle growth — which will determine the
final particle size — can then be controlled by adjusting the aging time
and temperature. [45]. Different types of compounds can be used as
the organometallic precursor, yet the simplest precursors are metal—

oleate complexes [42, 46].

The solvothermal method produces nanocrystals with good
control of size and monodispersity, though not as precise as those
produced by the organometallic thermal decomposition method. The
solvothermal reaction is carried out in an autoclave, usually in a
mixture of non—aqueous solvent and water. The mechanism of
solvothermal reaction differs depending on the precursor and the
solvent. An example of a solvothermal reaction mechanism is
explained as follows. When NaOH solution is mixed with an organic
solvent containing metal oleate precursors, the two will remain
separated and form an interface. Nucleation occurs when the
autoclave is heated above 100°C, forming water vapor that will move
up through the organic solvent. Some hydroxide ions will be

transported with the water vapor and react with the metal oleate
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precursor. The reaction will produce metal hydroxide monomers and
sodium oleate layer. It is in this layer where nucleation and growth

occur [43, 47].

The hydrothermal method, unlike the previous two methods,
is much simpler due to the use of water as the solvent. Yet this
simplicity comes at the expense of monodispersity and size control.
In this method, metal hydroxide precipitates are used as precursors.
By heating the precipitate in a highly basic solution in a Teflon lined
autoclave, metal hydroxide precipitates will react with hydroxide ions
and form soluble metal hydroxide complexes. Once saturation is
reached, these complexes will nucleate and form nanocrystals.
However, the absence of stirring in the autoclave makes it difficult to
maintain a homogenous solution condition, thus control of size and

monodispersity is limited [44, 48, 49].

The sol—gel method is the most versatile method of
synthesizing nanocrystals. Similar to the hydrothermal method, the
simplicity of this method comes at the cost of monodispersity and
size control. In the sol—gel method, a chelating agent e.g. citric acid
is used to form metal citrate complexes, which will decompose when
calcined. The decomposition is the origin of nanocrystals nucleation.

To control the size of the nanocrystals, one can adjust the calcination
21
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temperature or use different chelating agents. However, since
calcination is carried out in static and dry conditions, it is often hard

to avoid particle coalescence [17].

22



Chapter 3. Experimental Methods

This chapter explains the synthesis and characterization
method of CFO—BFO nanocomposites. The materials used and the
step by step procedure are described in the first part. The
characterization devices and the characterization parameters are

described in the second part.

3.1. Synthesis

Synthesis of the CFO—BFO nanocomposites was carried out
iIn two steps using reagent—grade chemicals without further
purification. First, CFO was synthesized and then coated with BFO
precursor. To prepare the CFO nanocrystals, 4 mmol of Co(NO3)» -
6H20 and 8 mmol of Fe(NO3)s - 9H20 were dissolved in 40 mL of
deionized (DI) water, and then 3.6 mL of 10M NaOH was added
dropwise. Next, the mixture was stirred for 10 min and then
transferred to a 70 mL Teflon—lined stainless steel autoclave to
undergo hydrothermal treatment at 180° C for 15 h. Upon the
completion of the treatment, the reactor was air—cooled and the
reaction product was washed with DI water and ethanol before being

dried in an oven at 90" C for 3 h.
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To synthesize the nanocomposites, BFO precursor was
prepared using the citric acid sol—gel method [17, 50]. Initially, 2
mmol of Fe(NO3)s - 9H20 and 2.2 mmol of Bi(NO3)s - 5H20 were
mixed with 8 mmol citric acid in 20 mL DI water in a round—bottom
flask. Upon addition of 3 mL concentrated (70%) nitric acid under
stirring at 500 rpm, the solution was turned to a light yellow color
and then was heated to 140° C using a heating mantle. Subsequently,
once the solution volume was reduced to ~10 mL and the solution
color became orange after ~1.5 h of stirring at 140° C, a certain
amount of CFO nanocrystals was added. This mixture was further
stirred for 45 min to evaporate all the liquid and then dried in an oven
at 150° C for 1 h. The dried precursor was then calcined in a
furnace for 1 h at 450" C at a heating rate of 5° C/min. After being
calcined, the powder was air—cooled, washed in 20 mL 0.5 M HNO3
for 15 min, and then washed with DI water and ethanol before being
dried in an oven at 90" C for 3 h. Three different amounts of CFO
nanocrystals, 2, 1.5, and 1 mmol, were added to impart different
molar ratios to the nanocomposites, namely CB22, CB152, and CB12,
respectively. For measurement of the magnetic, ferroelectric, and
magnetoelectric properties, the powders were pelletized (d = 10 mm,

t = ~0.7 mm) with the help of 4% PVA and then sintered in air at
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400° C for 2 h.

3.2. Characterizations

The crystal structures of the samples were investigated by
powder X—ray diffraction measurements (XRD; Rigagu MiniFlex 500
X—ray diffractometer) with Cu—Ka radiation (1 = 1.5406 A).
Rietveld refinements of the measured diffraction patterns were
performed using MAUD software (version 2.93) [51]. Transmission
electron microscopy (TEM) images and electron diffraction patterns
were taken using a Tecnai F20 TEM. For these characterizations, a
small amount of nanocomposite powder was dispersed in ethanol and
then drop cast on lacey carbon film on copper TEM grids. Magnetic
hysteresis loops were measured using a vibrating sample
magnetometer (VSM, Lake Shore VSM—7420). For electrical
property measurements, we shaped the sintered pellet samples into
thin plates having a thickness of ~0.15 mm and an area of ~3 mm?.
Electrodes were made by coating both sides of the thin plates with
silver epoxy. We measured electric polarization (7) versus electric
field (£) loops using the Sawyer—Tower circuit [52]. The magnetic—
field—dependent currents were also measured using an electrometer

(Keithley 617). We used a 9T PPMS™ (Quantum Design) to apply
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strong magnetic fields at room temperature. Before the
measurements, the samples were poled with a positive or negative
electric field, £, = £100 V, under a positive or negative magnetic
field, Z/ = =50 kOe. The applied electric fields were removed after
5 min poling and the samples were left for 30 min to reduce the
leakage current. Finally, the electrical current was measured under a
sweeping magnetic field at a rate of diH/dt = £100 Oe/s, and electric
polarization was obtained by integrating the current with respect to

the measurement time [53].
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Chapter 4. Results and Discussion

Chapter 4 presents the characterization results of CFO—BFO
nanocomposites. Crystal structure and morphology, as well as
magnetic, electric, and magnetoelectric property characterization

results and their discussion are presented in the subchapters.

4.1. X—ray diffraction (XRD)

The XRD patterns and Rietveld refinements of the CFO—BFO
nanocomposites and sintered CFO—BFO nanocomposites are shown
in Figure 9 (also see Figure 10 for single—phase CFO and BFO
powder samples), and the structural parameters estimated from the
Rietveld refinements are given in Tables 1 and 2. For the sintered
samples, pellets were first pulverized before their XRD
measurements. All of the samples showed high crystallinities. The
diffraction patterns of the CFO and BFO powders were well fitted to
two different space groups, /d—3m and R3¢, respectively. We note
that although some of the XRD patterns of the nanocomposite
(Figures 9(b), 9(c), 9(e), 9(f)) showed small amounts of impurities
around ~29° , the phase purity of the nanocomposites was much
higher than those synthesized previously [23, 54]. We even managed

to obtain this phase purity at a lower calcination temperature of 450°
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C [23, 24, 54]. Nevertheless, we were unable to estimate the weight
percentage of this impurity phase using Rietveld refinement due to

the small amounts of the impurities.

The high purity of our samples can be attributed to the higher
amount of Bi®* precursor used in the sol—gel synthesis of BFO. This
Bi*"—rich environment compensated for the excess Fe®" in the
solution due to the dissolution of CFO nanocrystals during the sol—
gel synthesis of BFO, shifted the Bi—Fe equilibrium, and thus
promoted the formation of BissFeOyo instead of BisFesOg (see
Supplementary Figures 11(a) and 11 (b)). Unlike BisFe4Og, BissFeOuo
is known to be easily dissolvable in dilute HNO3 solution [55]. This
washing step, however, changed the CFO—BFO molar ratio in the final
product. The Rietveld refinement of unwashed CB22 (see Figure 12
and Table 3) showed that the initial molar ratio of CFO—BFO was
close to 1:1. After washing, though, the value was shifted to ~2:1,

indicating that BFO dissolves more easily in HNOs.

The structural parameters summarized in Table 1 indicate that
the lattice constants of CFO and BFO were consistent for all of the
samples and that the goodness of fit (S) was close to 1. The

crystallite size of BFO in the nanocomposite samples increased with
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decreasing CFO content (Figure 13(a)), which indicates that the CFO
nanocrystals can act as heterogeneous nucleation sites for the Bi—
Fe citrate precursor; accordingly, a higher amount of CFO leads to an
increase of nucleation sites, consuming more precursors for the
nucleation, and also preventing the nucleated crystals from growing
to larger crystals. The occupancy of both the tetrahedral and
octahedral sites, as shown in Table 2, revealed that the CFO
nanocrystals and the CFO phase within the nanocomposites have a
mixture of normal and inverse spinel structures, though the inverse
spinel structure is more dominant (Figure 13(b)) since most of the

Co?*ions are located at the octahedral sites [56].
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Figure 9. Measured XRD patterns and Rietveld refinements for (a) —
(c) CFO—=BFO nanocomposites with indicated different CFO—BFO
ratios, and (d) — (f) sintered CFO—BFO nanocomposites. The sign

‘(s)” indicates that the samples were sintered.
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Figure 10. Measured XRD patterns and Rietveld refinements of

single—phase (a) CFO and (b) BFO powder samples. Here, BFO

nanocrystals were synthesized using an equimolar amount of Bi

and Fe®* (2 mmol).
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Figure 9. Comparison of measured XRD patterns for CB22

nanocomposites synthesized using (a) 2.2 mmol and (b) 2 mmol of

Bi®*, before (black) and after (red) HNO3; washes. Note that the

secondary phase (BizsFeOs0) was completely removed after

washing in (a), but that BisFesOg remained even after HNO3; washing

in (b).
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Figure 10. Measured XRD pattern and Rietveld refinement of

unwashed CB22 nanocomposite.
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Table 1. Rietveld refinements of CFO, three different CFO—BFO nanocomposites, and their sintered

samples. Here, a, b, and c are lattice constants, and S is the goodness of fitting.

CB22 CB152 CB12
Parameters CFO
CFO BFO CFO BFO CFO BFO
a(A)
. 3 . 3 . 3
b (A) 8.3904(7) 8.3868(5) 3.5787(3) 8.3842(6) 5.5761(3) 8.3842(7) 5.5780(3)
¢ (A) 13.867(1) 13.8606(9) 13.8652(9)
Crsyt. size (nm) 26.3(2)  30.5(4)  49.1(6)  29.8(4)  36.0(6) 27.4(9)  359.1(3)
Weight (%) 100 61 39(1) 45 55.005) 33 67(1)
S 0.88 1.16 1.54 1.54
CB22(s) CB152(s) CB12(s)
Parameters  BFO CFO BFO CFO BFO CFO BFO
a(A)
5.5778(1 5.5773(4 5.5763(2 5.5768(3
b (A) (D 8.3846(5) ) 8.3838(5) @) 8.3834(8) (3)
¢ (A) 13.8655(4) 13.863(1) 13.8611(8) 13.8615(9)
Crsyt. size (nm) 94.0(6)  30.3(3)  46.0(6)  26.6(5)  50.1(4)  28.0(4)  52.8(4)
Weight (%) 100 60 40(1) 44.7 55.3(9) 33 67(1)

S 2.01 1.28 1.74 1.79
Ptheoritical (g/C’) 6.51 6.98 7.34
Pmeasured (Z/CM°) - 3.62 33 3.53

Prelative (%) 50.39 47.29 48.06
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Table 2. Position and occupancy of Co?*, Fe®*, and 02— ions in CFO, CB22(s), CB152(s), and CB12(s),

as obtained from Rietveld refinements.

CFO CB22(s) CB152(s) CB12(s)

Site Atom Coord. Occu- Coord. Occu-  Coord. Occu- Coord.  Occu-
(xy:z) pamcy  (Xyz) pamcy  (xyz)  pancy  (Xy,Z)  pancy

8a Col 0.255(6) 0.342) 0.26(3) 0.36(5)
tetrahedral ~ Fel 0125 gaa66) ' oesy M om0 0700
16d Co2 o5 03BO) o 03U o 036D 0330)
octahedral Fe2 ' 0.605(7) ' 0.65(1) ‘ 0.66(7) ‘ 0.63(3)
32e 01 0.2510(7) 0.946(8) 0.2718(8) 1.00(4) 0.2734(8) 1.0(2) 0.270(2) 1.00(3)

Table 3. Compositions of unwashed and washed CB22 composites, as obtained from Rietveld

refinements. The asterisk (*) sign indicates that the value was obtained through further calculation.

CB22 unwashed CB22 washed
Parameters
CFO BFO BixsFeOy CFO BFO
Weight (%) 44(2) 50 6 61 39(1)
S 1.64 1.16
Mol (%)* 53.8 45.9 0.3 68 32
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Figure 11. (a) Relationship between crystallite size and CFO
content and (b) comparison of Co" occupancy in the tetrahedral

and octahedral sites.
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4.2. Transmission Electron Microscopy (TEM)

Bright—field and high—resolution (HR) TEM images for the
CFO nanocrystals are shown in Figures 14(a) and 14(b),
respectively. Agglomeration of the CFO nanocrystals, shown in
Figures 14 (a), is typical for hydrothermally synthesized nanocrystals,
as reported in Ref. [67]. The average size of the nanocrystals was
measured to about 22.5 nm, as shown in the size—distribution
histogram (inset), which value is close to that obtained from the XRD
analysis. The HR—-TEM image of a selected CFO nanocrystal
(Figures 14(b)) shows non—spherical shapes and well—defined
lattice fringes. The distance between the fringes, marked in Figures
14 (b), was measured to be 0.295 nm, corresponding to the (220)

planes of CFO (see PDF 00—066—0244).

Figures 14(c), 14(e), andl4(g) show bright—field TEM
images of the agglomerated nanocomposites for three different
samples, CB22, CB152, and CB12, respectively. The selected area
electron diffraction (SAED) patterns shown in the corresponding
insets corroborate the sample crystallinity determined by the XRD
analysis. Furthermore, the indexing of the SAED patterns (PDF

00—066—-0244 and PDF 00—066—0439) indicated the existence of
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both the CFO and BFO nanocrystals in the agglomerates having sizes
larger than 100 nm. By indexing the interplanar spacing of individual
nanocrystals in Figures 14(d), 14(f), and 14 (h), we found that the
BFO phase crystallized separately from the CFO phase, forming
inter—embedded CFO—BFO nanocrystals, instead of forming a core—
shell structure. The inter—embedded structure of the nanocrystals,
however, creates a sufficiently large area of interfaces, allowing CFO
nanocrystals to induce a significant effect on the electrical properties
of BFO upon the application of a magnetic field, as shown later in this

paper and in Ref. [22].
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Figure 12. TEM morphology images (left column) and HR—TEM
lattice images (right column) for (a) CFO nanocrystals, (b) CB22,
(c) CB152, and (d) CB12. The inset in (a) shows the particle —size
histogram of the CFO nanocrystals and the insets in (c), (e), and

(g) show the SAED patterns of the corresponding nanocomposites.
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4.3. Magnetic Properties

Magnetization hysteresis (M—H) loops measured at room
temperature for the CFO and sintered CFO—BFO nanocomposites
(samples CB22(s), CB152(s), CB12(s)) are shown in Figure 15. The
M—H loops do not show magnetization saturation even at 20 kOe,
reflecting the presence of the ferromagnetic (FM) and
paramagnetic/antiferromagnetic (PM/AFM) contributions to the
loops. Therefore, to obtain the values of several magnetic parameters
and to separate the FM and the PM/AFM parts of those M—H loops,

we fitted the M—H curves using Eq. (IV.1) [18, 58, 59]:

2M H+H S
M(H) = nstan‘1 [ ITI ‘ tan (%)] + xH (IV.1)
c

where Mis the saturation magnetization, H, is the coercivity, S=
M,/M; is the squareness of the hysteresis loop, and y is the
magnetic susceptibility. The first and second terms represent the FM
and PM/AFM contributions, respectively. The overall fitting results
and the FM and PM/AFM parts are shown in Figures 16 (a) —16(d)
and in the insets, respectively. The resultant fitting parameters, M,

M,,H., and y, are given in Table 3.

For CFO, the magnetization did not fully saturate, as indicated
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by the presence of the PM/AFM contribution (see Figure 16(a)) and
the magnetization value was calculated to 71.6 emu/g at a sufficiently
high field strength of 20 kOe. There seem to be two possible reasons
for this non—saturation behavior. First, the inverse spinel structure
of the sample, as indicated by Co*" ions occupying the octahedral
sites (see Table 2), can make the crystals highly anisotropic [60],
and second, the random orientation distribution of the crystals makes
it difficult for local magnetizations in the individual crystals to orient
in the applied field direction. Such non—saturation behavior was also
observed in the nanocomposite samples (Figures 16(b)—16(d) and
Table 4). In the nanocomposite samples, the contribution of PM/AFM
increased with the CFO content, which can be attributed to the
coupling of the canted spins on the BFO surface with the ordered
spins of CFO [61]. The non—saturation behavior of CFO nanocrystals
could be extended to the surface spins of BFO, resulting in an
increase of non—saturation contribution in proportion to the CFO

content in the CFO—BFO composites.

Using the weight ratios estimated from the Rietveld
refinements and the magnetization value of CFO, we determined the
effect of CFO content on the magnetization values of the

nanocomposites. The magnetization values were 43.7, 32.3, and 23.6
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emu/g at 20 kOe for sample CB22(s), CB152(s) and CB12(s),
respectively. The discrepancies between these values and the
measured ones listed in Table 4 and shown in Figure 17(a) may
indicate the presence of dipolar interaction between the CFO and BFO
nanocrystals [22], as shown in Figures 14(d), 14(f), and 14 (g). The
dipolar interaction can also result in enhanced coercivity (H.) of
nanocomposites. In Table 4, it is shown that all of the samples
possessed H, values higher than that of CFO itself (864 Oe).
Although the increased H, may also have been caused by the larger
crystallite size of the nanocomposites (Table 1), we noticed that the
value H, = 991 Oe for CB152(s) was 15% higher than that of CFO
(864 Oe), despite having similar crystallite sizes (26.6 vs. 26.3 nm).
The explanation behind such H, enhancement is the coupling of the
antiferromagnetic spin of BFO with the ferrimagnetic spin of CFO,
resulting in an increase in energy for spin rotation [61, 62]. Finally,
we found that H, for the nanocomposites depends on the size of CFO
crystallites (Figure 17(b)). Samples CB22(s), CB152(s), and
CB12(s) had crystallite sizes of 30.3, 26.6, and 28.0 nm, respectively,
showing H, = 1106, 991, and 996 Oe, respectively. This observation
is in agreement with previous reports wherein H, increased with

increasing crystallite size [63, 64].
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Figure 13. Comparison of M—H loops for CFO nanocrystals and
sintered nanocomposites. The inset shows the corresponding

magnified loops in a low field range.
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Table 4. Results of fitting to M—H loops. The FM and PM/AFM contributions are separated from the

overall values. The asterisk (*) indicates that the parameters were obtained by further calculations.

FM part AFM/PM part Combined*
M@

Sample

{efl:f ) Esltlc:]l (g:-) Std. Exror (emuf Oe) Esltldm 20 kOe (efu:’ ) (g;)

g g% (emu/g) g
CFO 75.2 0.3 866 7 6.53E-05 1.83E-05 71.6 23.5 864
CB22(s) 40.5 0.3 1113 12 9.90E-05 1.53E-05 40.5 16.3 1106
CB152(s) 273 0.2 998 10 8.59E-05 8.91E-06 27.7 10.3 991
CB12(s) 22.1 0.1 1002 9 5.30E-05 6.72E-06 22.0 8.1 996
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4.4. Electrical Properties

Figure 18 shows the electric polarization (P) versus electric
field (£) curves (P—FEloops) for the three different sintered samples,
CB22(s), CB152(s), and CB12(s). The loops exhibit a distortion from
an ideal ferroelectric behavior shown in bulk [65] and thin—film [66]
BFO. Moreover, the loop shapes indicate the presence of conductor—
like and leaky capacitor—like components in the samples [67]. This
distortion can be attributed to two factors. First, the presence of
non—ferroelectric CFO in the samples, increasing the contribution of
the conductive component with CFO content (Figure 18), is similar
to the cases observed in Ref. [23]. Second, the enhancement of
crystal symmetry in the nano—sized BFO crystals results in a weaker
ferroelectric behavior of BFO [68], as observed in sol—gel derived
BFO [69]. The size—dependent ferroelectric behavior makes the
distortion of P—FE'loops seem inevitable, even if the non—ferroelectric
component is fully coated with a ferroelectric material [70].
Therefore, the best way to alleviate this issue is probably by doping
the ferroelectric component in the nanocomposite in order to induce

a stronger crystal asymmetry [71].

Despite such a deviation from ideal ferroelectric behavior, the
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samples still showed the capability to store energy. To estimate the
energy stored in the samples, we used Eq. (IV.2),

Pmax
Wy =f EdP (IV.2)

Py

where Wy is the recoverable energy density, Pyg, 1S the maximum
polarization, and B. is the remnant polarization. We do note here that
P. is not the intrinsic remnant polarization of the ferroelectric
component of the samples, due to the distortion caused by the leaky
components [67]. From Eq. (IV.2), we estimated Wy = 0.08, 0.11,
and 0.09 mJ/cm?® for samples CB22(s), CB152(s), and CB12(s),
respectively. However, considering the samples’ leaky behavior, the
stored energy may have been discharged in the form of leakage

current.
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4.5. Magnetoelectric Properties

Figures 19 and 20 provide plots of the current density (/) and
the polarization change (4P) as a function of the applied magnetic
field (A), respectively. The J—H plots in Figure 19 were obtained
by removing the leakage current from the original J—H plots shown
in Figure 21(a). It was found from the Figure 19 plots that changes
in current density are most prominent at fields lower than 20 kOe,
which is within the range where CFO exhibits the strongest
magnetostriction behavior [72]. Thus, the change in current density
most likely originates from the strain transfer from magnetostrictive
CFO to piezoelectric BFO, similarly to the emergence of 4V reported

in Ref. [24].

Figure 20 draws AP—/H plots of the nanocomposites obtained
by integrating the current density with respect to time (Figure 19).
Here, AP represents [P () —PFP(0 kOe)] and the results for all the
nanocomposites are summarized in Table 5. We note that sample
CB22(s) exhibited the highest current density, followed by CB152(s)
and CB12(s); consequently, CB22(s) possessed the largest value of
| APl = 295 pC/m* among our measurements. Such a large | AP| value

of CB22(s) is of the same order of magnitude as that of single—
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crystal BFO (~500 puC/m* at >100 kOe) [15], but is the largest

achieved at a magnetic field as small as 20 kOe.

From Table 5, we can see that CB22(s) has the highest | AP|
followed by CB152(s) and CB12(s). Two probable explanations for
decreasing /AP| in this order are 1) the increase of BFO crystallite
size and 2) the decrease of CFO content in the nanocomposites. Since
/AP| most likely stems from a piezoelectric effect in BFO crystals,
inverse size—dependence of piezoelectricity [73] can play a role in
regulating the value of /4P| in nanocomposites. Consequently,
smaller BFO crystals in CB22(s) can undergo a higher deformation
rate and thus a higher piezoelectric effect compared to those in
CB152(s) and CB12(s). Furthermore, the amount of CFO in CB152(s)
and CB12(s) samples might be too low to impart a significant strain
transfer to the BFO nanocrystals [24], thus resulting in lower /AP|.
The combination of these two factors might explain why /4P| is much

lower for CB152(s) and CB12(s).

Comparing the polarization values in Figures 18 and 20, we
notice that those obtained in applied magnetic fields (Figure 20) are
two orders of magnitude lower than those obtained in applied electric

fields (Figure 18). These discrepancies can be attributed to the
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CFO—BFO structure in the nanocomposites. Under an applied electric
field, all of the components of the nanocomposites are affected by the
field and thus contribute to polarization. On the other hand, under an
applied magnetic field, the polarization can occur only in BFO crystals
that are in direct contact with CFO crystals. To alleviate this issue,
one needs to engineer the CFO—BFO interface to form CFO cores
covered with BFO shells so that all BFO can be strained upon the
application of a magnetic field. In this regard, thin BFO shells would
be beneficial to obtain an enhanced piezoelectric effect [73], yet one
must keep in mind that this strategy may result in weaker
ferroelectric behavior [68]. Furthermore, a more magnetostrictive
material such as Terfenol—D [74] may be used to replace the CFO

core and induce more strain to the BFO shell.

Lastly, we must be cautious in attributing the A4F to
magnetoelectric coupling, however, since the J—H relationship is
invariant with respect to the sweep rate (Figure 23). For pure

magnetoelectric coupling, 4P can be calculated using Eq. (IV.3),

1 He=t
AP = dH/dtf JdH (Iv.3)

Hi=g
Since the amount of A7 in a crystal is finite, an increase of dH/dt

needs to be compensated by an increase of J. In our samples, it is
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possible that positive magnetoresistance, unlike that reported in Ref.
[75], hinders leakage current flow at high magnetic fields, allowing
charge to migrate only at near—zero fields, and resulting in the
formation of current—density peaks. On the other hand, it is also
probable that a fast sweep rate means that current—density peaks
appear when changes in leakage current are still large (Figure 20(b)),
thus suppressing the significance of these peaks relative to the
background data, with the result that the A7 in Figure 24 varies with
different sweep rates. This issue requires further studies for its

clarification.
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Table 5. Summary of maximum | AP| obtained from Figure 20.

Maximum |AP| at £+ 30 kOe (nC/m?)

Sample +Ep -Ep
(+) sweep (-) sweep (+) sweep (-) sweep
CB22(s) 248 268 285 295
CB152(s) 8.3 7.6 14.4 12.2
CB12(s) 4.0 4.0 6.7 6.6
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Chapter 5. Conclusions

In summary, our low—calcination—temperature synthesis
methodology is favorable for high—purity CFO—BFO nanocomposites.
Obtained TEM images show that CFO and BFO nanocrystals are
inter—embedded in the nanocomposites. Magnetic characterizations
indicate that the coercivities of the nanocomposites are higher than
that of single—phase CFO, suggesting the presence of dipolar
interaction between CFO and BFO in the ferrimagnetic
nanocomposites, having magnetization values ranging from 22 to 41

emu/g at 20 kOe.

P—FE loops show that the nanocomposites can store 0.09 to
0.11 mJ/cm? of energy and that the samples exhibited leaky behavior.
We also estimated that a 30 kOe magnetic field can induce /AP| =
4.0 ~ 295 uC/mZ, Comparing the three nanocomposites, we found that
the size of the BFO crystallites and the amount of CFO are crucial in
order to establish significant electric polarization control by an
applied magnetic field. This work offers an elaboration of the
relationships among the synthesis, structure, and multiferroic
properties of nanocomposites, which can be applied as design

principles for a variety of multiferroic nanocomposite materials.
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Mz e Al A9 & HE (CFO:BFO = 2:2, 1.5:2, and 1:2) & ©]F
©]Z CoFes04—BiFeO3; (CFO—BFO) ULxB3aAs AF/AEEA &
—Ao] B3d WS o]fste] AAYFUL o] WHESRE I+EY]
AR J=HTAAE 450TC 9] w2 ath oA UYL F
WAAE W 4 (TEM) ©]v|A]E 53] CFO9 BFO U2y E52 A= 4
oAdtt= e & F AMFUT 2:29 H|E&EE A" HE9] AVA
EXe Ao A 271 o] 20 kOeZ 712 W 40.7 emu/g? =< A
ke JebdSsUY Ashas BRAEEe CFO9 BFOS Aol

st ke A JeElsdoh E5-A713(P-E) 72
ER]ANE BE AEAA ARV FAEEE Ass BYdE =738,
oA 27)1%o] ~30 kOeZ 7halld W A7) = WHEF (4P &
~295 pC/m* 2 JAFEAFULE AAE o] AHEL uFE tHA
CFO—BFO YWxHEFAAe A74 E5& A7|goer 24T + e

A TIPS B Ao,

Fgol 1 A%, FANY $4, xdA, BF, BF, 47 BY
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